The synthesis of nanowires (NWs) is a promising route to the fabrication of efficient light-emitting diodes (LEDs) as they grow virtually strain-free even on substrates with a high mismatch in lattice constants and thermal expansion coefficients. 1 Their nanometer-sized lateral dimensions allow for the efficient elastic relief of strain 2 and thus the growth of heterostructures with a low density of structural defects. 3 Consequently, NW-based LEDs are considered as potential candidates for future lighting applications. The small diameter of such NWs, however, also poses new challenges. Surface-related phenomena may become dominant in NWs and may considerably alter the optical and electrical properties of NW LEDs. [4] [5] [6] [7] Particularly, nonradiative surface recombination may become a major recombination channel 8, 9 and surface depletion may impede the transport of charge carriers through NWs altogether. 10 Another important aspect is the coupling of light with these NWs, whose diameters and interspacings are typically smaller than the effective wavelength of the emitted light. With regard to applications as a light emitter, the extraction efficiency is of particular importance. Consequently, this subject has been approached using various theoretical concepts. Single, freestanding NWs modeled as dielectric cylinders have been demonstrated to lose their capability to guide the fundamental HE 11 mode for diameters D < 0:15k and radiation thus couples efficiently to free space. [11] [12] [13] High density NW ensembles with sub-wavelength dimensions, on the other hand, have been shown to be adequately described by a Maxwell-Garnett effective media approximation, in the frame of which the extraction efficiency has been found to monotonically increase with decreasing fill factor. 14 Here, we experimentally investigate the coupling and propagation of light within as-grown GaN NW ensembles using Raman scattering. Combined with calculations of the light intensity distribution in these structures, we give quantitative estimates of the efficiencies with which light couples into and out of the NW ensemble. This easy-to-apply method works in the transparent spectral range of the material, does not require any knowledge about its internal quantum efficiency, and is thus ideally suited for the determination of the extraction efficiency of light out of a structure with arbitrary geometry.
GaN NWs were synthesized without any external catalyst by plasma-assisted molecular beam epitaxy. The NWs were grown on Si(111) under N-rich conditions (N/Ga ¼ 1.2). The substrate temperature during growth was 820 C. A more detailed description of the growth procedure is given elsewhere. 15 The NWs have grown along the c-direction with an average length of about 1:6 lm. A histogram of the NW diameters obtained from scanning electron micrographs with a total area of 20 lm 2 is depicted in Fig. 1 . From these micrographs, the density of NWs can be estimated to be 4 Â 10 9 cm À2 . The diameter distribution is described well by a shifted C distribution that has its mean at 110 nm and a variance of 50 nm. The fill factor of the ensemble can thus be determined to be 0.38. A large number of NWs has undergone coalescence with neighboring NWs, as evident from the inset of Fig. 1 , explaining the large variation in diameter which ranges from 20 to 250 nm. Uncoalesced NWs exhibit a hexagonal cross section with atomically flat M-plane sidewalls and a C-plane top facet. The GaN reference layer was grown along the c-axis by metal-organic chemical vapor deposition on Si(111). It has a thickness of 1:59 lm, is free of cracks, and exhibits a surface roughness of less than 0.3 nm over an area of 5 Â 5 lm 2 . Raman measurements of the GaN NW ensemble and the GaN layer were performed at room temperature in backscattering geometry such that the z-direction is oriented parallel to the NWs' c-axis. The 413.1 and 482.5-nm lines of a Coherent Kr þ ion laser were focused onto the sample by a confocal microscope using objectives whose numerical aperture (NA) ranged from 0.24 to 0.9. The diameter of the excitation and collection area decreased with increasing NA from 10 to 1 lm. The scattered signal was collected by the same objective and dispersed spectrally by a grating with 2400 lines/mm located in an 80-cm Jobin-Yvon monochromator. The signal was recorded using a LN 2 -cooled CCD. The polarization of the incoming light was varied by a Fresnel rhomb. A linear polarizer was used to analyze the polarization of the scattered signal. In the polarized configuration [zðy; yÞ z], the polarization direction of the incoming laser light and that of the analyzer are in parallel, while in the depolarized configuration [zðx; yÞ z], they are oriented perpendicularly to each other. The spectral resolution of the setup is about 1 cm À1 . The inset of Fig. 2 depicts the geometry of the Raman measurements. In order to measure the intensity of the reflected/scattered signal, the linearly polarized components of the incoming and outgoing light has been converted into circularly polarized components using a k=4 plate.
Figure 2 displays polarized [zðy; yÞ z] and depolarized [zðx; yÞ z] Raman spectra of the GaN NW ensemble and of the GaN layer. For wavenumbers larger than 600 cm À1 , the signal is enlarged by a factor of 15 in order to visualize the LO phonon part of the spectra. All spectra are dominated by the optical phonon peak from the Si substrate at 521:0 cm À1 . 16 In the polarized configuration, the spectrum of the layer exhibits the E H 2 phonon at 567:2 cm À1 and the A 1 (LO) phonon at 733:5 cm À1 . 17 The E H 2 frequency indicates the presence of a small tensile strain in the GaN layer. As expected from the selection rules for hexagonal GaN, 17 the A 1 (LO) is not observed in the depolarized configuration. The NWs exhibit a slightly higher frequency of the E H 2 phonon at 568:4 cm À1 essentially corresponding to that of unstrained GaN. The LO phonon part of the spectrum of the NWs differs considerably from that of the layer. At the position of the A 1 (LO) phonon, no peak is observed. Instead, a broad band (M 1 ) centered at about 708 cm À1 as well as a narrow peak (M 2 ) at 741:2 cm À1 are found. Both of these features do not exhibit a marked polarization dependence.
The broad low-frequency peak (M 1 ) is commonly assigned to surface-optical (SO) phonon modes described by a model which considers the NWs as isolated dielectric cylinders. [18] [19] [20] Their interaction with electromagnetic waves is treated by taking into account the dielectric function of the bulk material and the boundary conditions of the electric field at the interface of the nanostructure with the surrounding environment. Within this model, SO phonon modes are sustained at frequencies for which the amplitude of the propagating wave decays rapidly with the distance to the surface. Their frequencies depend on the nanostructure shape, size, and the dielectric constant of the surrounding medium. For the present case and the mean diameter of 110 nm determined in Fig. 1 , the M 1 mode is expected to occur at 710 cm À1 , i.e., close to the experimental one, when assuming that the mode is predominantly of E 1 symmetry.
Recently, an alternative approach has been proposed to explain the origin of the phonon modes M 1 and M 2 in subwavelength NW ensembles. 21, 22 The NW ensemble is considered to represent a homogeneous effective medium with the interaction between NWs and electromagnetic waves described by the definition of an appropriate effective dielectric function. The so-called Fr€ ohlich phonon modes are then obtained as poles and zeros in the effective dielectric function that do not have their counterpart in bulk material. In contrast to the common SO phonon approach described above, these characteristic frequencies [Eqs. (8) to (10) in Ref. 21 ] depend essentially on the fill factor of the ensemble and not on the NWs' diameter or shape. Using the MaxwellGarnett effective medium approximation with the present fill factor of 0.38, the M 1 mode is expected to occur at 703 cm À1 , again close to the experimental position. The interpretation of the Raman spectra in the framework of an effective medium approximation is attractive as it allows us to obtain a quantitative estimate of the efficiency with which light couples to our GaN NW ensemble in comparison to the GaN layer. For this purpose, we use the integrated intensity I R of the E H 2 bulk-phonon mode (sum of polarized and depolarized Raman signals) obtained from side-by-side measurements of the GaN layer and the GaN NW ensemble. The expected relative intensities are determined by using the formalism for the calculation of the Raman signal from a thin film on a thick substrate described in Ref. 23 . This formalism takes into account absorption, FIG. 2 . Raman spectrum of a GaN layer (green) and a GaN NW ensemble (red), both grown on Si. The spectra are normalized to the intensity of the Si optical phonon which originates from the substrate. For wavenumbers larger than 600 cm À1 , the signal is enlarged by a factor of 15. The spectra shown are recorded using the 413.1-nm line of the Kr þ ion laser, but essentially identical ones are obtained with the 482.5-nm line. The inset depicts the geometry of the setup. 14 Furthermore, the finite distribution of the NW length has been taken into account by averaging the result for layer thicknesses between 1550 and 1650 nm.
As a result of these calculations, the ratio between the Raman intensities from the NW ensemble and GaN layer is determined to be 3.73 (4.16) at a wavelength of 413.1 (482.5) nm. Experimentally, I R was found to be higher for the NWs than for the layer, typically by a factor of 1.5, irrespective of the excitation conditions. Since the Raman intensity is proportional to the excited volume, this difference increases to a factor of 3.95 when taking into account the NWs' fill factor of 0.38. Evidently, the theoretical and experimental intensity ratios are in satisfactory agreement, and the description of the NW ensemble as an effective medium thus appears to be a sensible approximation.
Using the same formalism, 23 we next determine the relative efficiencies with which light couples into (g in ) and out (g out ) of the structure. The overall Raman efficiency is essentially proportional to the product of g in and g out . To decouple these two quantities, we calculate the relative intensities (integrated over the entire layer thickness) of the incident light in the NW ensemble and the GaN layer. The incident intensity is obtained by setting the Raman intensity to unity in the entire layer. As a result, we find g in for the NW ensemble to be larger by a factor of 2.45 (2.54) as compared to the GaN layer. Consequently, g out follows to be larger by factor of 1.52 (1.64) as compared to the GaN layer. The NW geometry thus improves the coupling of incident light into the material (relevant for photovoltaics) as well as the extraction efficiency (the quantity relevant for LEDs).
The effective-medium model used above for the interpretation of the Raman spectra facilitates the straightforward quantitative analysis of Raman intensities. However, we point out that some of our observations cannot be understood in this framework and seem to necessitate a more rigorous theoretical treatment of the light coupling in NW ensembles. Particularly, the frequency of the M 2 phonon mode (cf. Fig.  2 ) detected from the NW ensemble corresponds exactly to that of the pure E 1 (LO) phonon, an observation which holds for a number of different NW samples we have investigated in the course of the present work. This result contradicts the predicted dependence of the M 2 frequency on the fill factor. 21 Note that this dependence was not observed in Ref. NWs measured in backscattering geometry to be of E 1 symmetry. 24 For an understanding of these observations, we recall that the diameter of the majority of the NWs is smaller than the wavelength of the incident light. Qualitatively, an incident plane wave propagating along the z-direction will thus not enter the NWs top facet but will rather be diffracted at the NW tips. The spherical waves emanating from a NW tip will then encounter adjacent NWs from their side. To confirm this qualitative understanding, we calculated the spatial distribution of the light intensity I ¼ jẼj 2 with the electromagnetic fieldẼ within a periodic array of GaN NWs with sub-wavelength dimensions on a Si substrate. 25, 26 To conform to the experimental conditions, we solved the Maxwell equations assuming the incident light to travel as plane wave whosek-vector points in z-direction. Consequently, the zcomponent of the electric field E z of this plane wave equals zero. Figure 3(a) depicts the distribution of E 2 z within one NW of the periodic array. Close to the NW sidewalls, E 2 z clearly differs from zero, which is only possible for wave vectorsk with non-zero components in x-or y-direction. In other words, the direction of the wavevector has changed with respect to that of the incoming light due to diffraction. The observation of E 2 z > 0, thus, directly confirms that the incoming plane wave is diffracted at the NW tips and that light enters sub-wavelength-sized NWs to a considerable amount through their sidewalls, even for light entering the NW ensemble exactly along the z-direction. Figure 3 (b) depicts the distribution of the total intensity of light I ¼ jẼj
z within a GaN NW. The light forms standing waves inside the NWs, and thus the intensity distribution exhibits a sinusoidal profile along the NW axis, which is caused by reflection at the NW top facet and at the substrate interface. In the present case, the wavelength of the light is set to 482.5 nm. We observed the formation of standing waves for a range of wavelengths, even for light with a wavelength of 325 nm, i.e., in the absorbing range of GaN. For these wavelengths, the sinusoidal profile is damped such that the amplitude decreases slightly with decreasing distance to the substrate. However, a significant light intensity can be found along the entire NW length. Hence, in optical experiments performed in backscattering geometry such as Raman and photoluminescence (PL) measurements, even NWs vastly exceeding the penetration depth of bulk material (here: 100 nm) are basically excited along their entire length, thanks to the lateral propagation of light. In summary, we have presented a study of the coupling of light with sub-wavelength-sized GaN NWs based on Raman scattering. Considering the NW ensemble as an effective-medium, we determined g in , the relative efficiency for light coupling into the NWs, as well as g out , the relative extraction efficiency. Both g in and g out of the NW ensemble were found to be about 2 times higher than that of the GaN layer. Qualitatively, we have shown that even for normal incidence, a considerable amount of light couples into and out of NWs through their sidewalls and along their entire length.
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